Abstract: Micromechanics design theory has realized Random Short Fiber Reinforced Cement Composites (RSFRCC) showing Pseudo Strain Hardening (PSH) behavior with over 5 % of strain capacity under tension.
INTRODUCTION
Significantly ductile fiber reinforced composites have been realized with brittle matrix such as ceramics and cement after Aveston et al. (1971) . The mechanics of this ductile behavior, which is called as Pseudo Strain Hardening (PSH), has been substantially investigated especially in the field of fiber reinforced ceramics (e.g., Evans et al. 1994; Marshall et al. 1985; Spearing and Zok 1993) . These research studies are restricted in unidirectionally aligned fiber composites, but the extension of these studies for random short fiber composites has not been fully accomplished.
This extension has been recently initiated and ductile Random Short Fiber Reinforced Cementitious
Composites (RSFRCC) with PSH behavior have been developed, which show very high fracture toughness and tensile strain capacity as summarized by Naaman and Reinhardt [, 1995 #96] . For example, PSHRSFRCCs with polyethylene fiber can achieve 30 kJ/m 2 fracture toughness and 5% tensile strain capacity with less than 2% volume fraction of fibers, far outperforming conventional materials of similar composition (Li 1993 ). This high performance has been realized via "composite design", which is based on micromechanics and has been investigated in detail (Li 1993; Li and Leung 1992) . This design method emphasizes the proper combination of micromechanical parameters of constituent materials such as fiber, matrix, and fiber-matrix interface to achieve the unique composite properties.
However, the usefulness of the existing PSH composite design theory is limited to specific constituent characteristics, including friction dominated interface and complete fiber pull-out. While having significant potential for PSH composites, some high performance hydrophilic fibers cannot be utilized due to this restriction. For example, a Polyvinyl Alcohol (PVA) fiber appears promising while its potential was not fully utilized (Akihama et al. 1985; Betterman et al. 1995) . Nevertheless PVA fiber's potential has been emphasized, e.g., a PVA fiber with 14 µm in diameter and 1500 MPa of tensile strength was reported to indicate high potential for PSH behavior in bending (Garcia et al. 1997 ). This fiber is expected to involve severe fiber rupture in composites due to small fiber diameter and high fiber-matrix interfacial properties dominated by chemical bond (Kanda and Li 1998b) . Quantitative micromechanics evaluation for this composite and the fundamental basis for the observed high composite performance have so far not been clarified in the published literature. Likewise, no design guideline exists for this type of composites at present.
The establishment of a new composite design theory accounting for chemical bond and fiber rupture is a major task for PSH composite research.
This task can be achieved by adopting energy approach for PSH composite design (Li 1993 ) which incorporates a new bridging law, the relationship between Crack Opening Displacement (COD) and composite's crack bridging stress due to fibers. Such a bridging law accounting for fiber rupture and chemical bond has been recently presented by the authors (Kanda and Li 1998a ) and demonstrated to reasonably reproduce the tensile characteristics of high performance hydrophilic fiber composites like PVA fiber systems.
The energy approach expresses the fundamental condition for occurring steady state cracking and multiple cracking, which are mechanical sources of PSH behavior.
The focus in the current study is in establishing a new design theory for high performance hydrophilic fiber composites with PSH behavior and in achieving a better understanding of these composites' tensile response. The derivation of this theory is first explained via theoretical conditions to be satisfied in order to achieve PSH behavior. Next, an experimental program with PVA fiber composites is presented. These test results are used for theory validation. Parametric studies with this design theory are then conducted to understand the effects on composite performance of micromechanics parameters such as fiber strength and bond strength. Finally the PVA fiber composites tested are examined in light of this theory for PSH behavior optimization by tailoring of micromechanics parameters.
PSEUDO STRAIN HARDENING COMPOSITE DESIGN THEORY Bridging Stress-COD Relation for Composites
A bridging law, briefly summarized in this section, has been recently developed for RSFRCCs involving fiber rupture and chemical interface properties (Kanda and Li 1998a) . This bridging law describes the relationship between crack bridging stress due to fiber, σ c , and Crack Opening Displacement (COD), δ, and is expressed in normalized form:
The third parameter, σ n fu /λ, expresses the ratio of fiber strength to frictional bond strength. Higher σ n fu /λ means more fiber pull-out without rupture in composites. The fourth parameter, f, is so called snubbing coefficient (Li et al. 1990 ), which represents friction-enhancing effects due to inclining angle of fiber lying obliquely to a crack plane. The last parameter, f', is the fiber strength reduction factor which represents the negative effects of inclining angle in which tensile load resistance of fiber apparently deteriorates with increasing angle (Kanda and Li 1998b) .
MATERIAL DESIGN CONDITION FOR STRAIN HARDENING
The material design conditions required for pseudo-strain hardening is summarized by Li (1993) . By adopting the J-integral approach, the applied stress σ a and the crack tip toughness J tip during steady state cracking was derived (Marshall and Cox 1988) :
where, σ a = Steady state cracking stress δ a = COD corresponding to σ a in σ c − δ curve J tip = Crack tip toughness
For multiple cracking to occur,
where, σ peak = Peak stress of σ c (δ )
δ peak = COD corresponding to σ peak J' b = Complementary energy of σ c − δ curve The complementary energy J' b expresses the net available energy for extending the steady state matrix crack as part of the externally supplied total energy consumed in the inelastic crack bridging 'spring' elements.
Following the notation in Eqn.
(1), the pseudo strain hardening condition of Eqn. (6) can be expressed in normalized form.
where,
V f E f , and δ peak = (1 + η) δ peak Implicit in Eqn. (5) is that the first crack strength (which depends on matrix toughness and initial flaw size) is lower than the maximum bridging stress σ peak . The above criteria are illustrated schematically in Fig. 1 , with crack tip toughness J tip less than J' b , thus satisfying Eqns. (5) and (6). These criteria can be directly applied to the hydrophilic fiber composites discussed in this study. However, σ peak and δ peak cannot be expressed in simple analytic form when σ c is represented by Eqn.
(1). Furthermore, a simple expression for the critical fiber volume fraction V f crit , below which strain hardening does not occur in composites, cannot be derived from (7). Therefore, the strain hardening criteria must be expressed in numerical form for high performance hydrophilic fiber composites.
THEORY VALIDATION Experimental Program and Theory Validation Scheme
The presented PSH-RSFRCC design theory is verified employing uniaxial tensile test results of several composites, which show a broad range of strain extension in PSH behavior. Theory validation is to be achieved by comparing strain extension between theoretical predictions and experimental observations. For this purpose, two types of PVA fiber composites are tested, which are designed to show PSH behavior but with different extent. As these composites are expected to involve fiber rupture and fiber/matrix interface property dominated by chemical bond, the present theory should be appropriate to design these PVA fiber composites. This design process is described in the next sub-section in detail. These PVA composites have identical matrix mix proportion, which is presented in Table 1 . The first PVA fiber composite involves 40 µm diameter PVA fiber with volume fraction 2%. The second involves 14 µm diameter PVA fiber with volume fraction 1.5%. Uniaxial tensile tests are conducted with these PVA composites by using testing set-up shown in Fig. 2 . These tests adopt coupon specimen 12.7 x 76.2 x 305 mm as depicted in Fig. 2 . Tensile strain is measured using two LVDTs with 205 mm of gauge length. Other testing details can be found in Li et al. (1995) .
Data for a Polyethylene (PE) fiber composite reported elsewhere are also included in the current study, for purpose of comparisons. This PE fiber composite involves 2 % volume fraction of high performance PE fiber and exhibited saturated PSH behavior with remarkably high tensile strain capacity.
Post-mortem analysis of fracture surface indicates no fiber rupture in this composite. Single fiber test also indicates no chemical bond for PE fibers in cementitious composites (Li et al. 1996) . This type of composite has been investigated in detail both theoretically and experimentally, and its tensile behavior has been demonstrated to be in reasonable accord with micromechanics based predictions . The Fiber Pull-out Model (FPM) used for the PE composite forms the basis of the current extended theory. FPM is recovered if no fiber rupture and friction dominant fiber/matrix interface is assumed in the presented model.
These limiting conditions can be expressed with σ ds /λ = f' = 0 and 1 < ˆ L r . ˆ L r represents the critical embedment length of obliquely aligned fiber in matrix, below which no fiber rupture is expected. The expression of ˆ L r is presented in Appendix I.
Experimental Result
Stress-strain curves obtained from uniaxial tensile tests are shown in Fig. 3 to Fig. 5 for the two PVA and the PE composites. It is clear that very different degrees of PSH (PSH intensity, hereafter) were achieved. PSH intensity may be represented by the tensile strain capacity ε cu , the strain magnitude when continuous stress drop occurs. Fig. 3 shows the moderate PSH intensity with around 1 % of ε cu for the 40µm-PVA fiber composite. The weak PSH intensity with lower ε cu (about 0.3%) for the 14µm-PVA fiber composite is shown in Fig. 4 . In contrast, the Polyethylene fiber composite (Fig. 5) shows much more intense PSH with ε cu over 5% .
This difference in ε cu is attributed to the number of multiple cracks developed perpendicular to the loading axis. The 40µm-PVA fiber composite reveals moderate saturation of multiple cracks. Less than 10 visible cracks were observed over a specimen span length of 205 mm. The 14µm-PVA fiber composite showed just 3 or 4 visible cracks over a specimen span length. In contrast, the PE fiber composite tends to generate numerous fine cracks developed with small crack spacing (approximately 2.2 mm) over the full specimen length . It should be noted that post-mortem analysis of generated cracks revealed that similar composite with the 40µm-PVA fiber system showed many cracks less than 10 µm (Kanda and Li 1998c) , which is difficult to distinguish by naked eyes. Therefore, more cracks are likely developed for the 40µm-PVA fiber composites than visible ones.
Analytical Investigation
These experimental results were analytically examined to verify the proposed theory. First, micromechanics parameters for the three composites are summarized in The PE fiber has very high σ n fu (≈ 2400 MPa), but low bond strengths Next, σ c -δ relations of the three composites were computed using Eqn.
(1), employing the parametric values in Table 2 . The resulting crack bridging relations are shown in Fig. 6 . The 14µm-PVA fiber composite has the highest σ peak , nearly twice that of the 40µm-PVA composite, but has the lowest δ peak , about 1/5 of that of the PE composite. This difference in σ c -δ relation in fact significantly affects the composites' mechanical potential for PSH behavior as discussed below. Furthermore, the estimated σ peak is compared with test result σ peak test in Fig. 7 , which indicates that σ peak is reasonably consistent with σ peak test . This agreement lends support to the validity of the present theory.
Since J' b /J tip 1 ensures satisfaction of the PSH condition in Eqn. (6), the energy margin J' b /J tip is expected to correlate with the PSH intensity [Kanda, 1998 #94] . J' b /J tip was calculated by employing Eqn. (6).
For this calculation, σ c -δ relations in Fig. 6 were used in conjunction with J tip value, which was estimated with matrix fracture toughness K m and matrix elastic modulus E m in Table 2 for the three composites and implies that they should exhibit multiple cracking in theory. This estimation appears consistent with the tensile test results since these composites generate more than one crack.
However, as pointed out earlier, these composites indicate very different degrees of multiple cracking, and only the PE composite showed saturated PSH behavior in practice. The more detailed investigation below reveals the sources of this discrepancy in multiple cracking or PSH behavior as well as leading to more reliable verification for the proposed theory.
Rationalizing Theory with PSH Intensity
PSH intensity has been recently examined using PE fiber composites by the authors (Kanda and Li 1998c (Wu and Li 1995b) . This type of multiple cracking (saturated multiple cracking) leads to saturated PSH behavior.
The investigated composites can be classified into the above two PSH categories. Both PVA fiber composites appear to show unsaturated PSH behavior in the experiment. This is likely due to rather low J' b /J tip as demonstrated in Fig. 8 , which causes high likelihood for violating PSH criteria, J' b /J tip 1, in practice. For the PVA fiber composites, limited number of cracks consecutively developed may have been followed by violation of the σ peak > σ a criteria on one of these crack planes, leading to immediate failure (displacement softening) on this crack plane. On the other hand, the PE fiber composite appear to indicate saturated PSH behavior. This composite has enough potential for saturated PSH behavior, having J' b /J tip beyond 4. Indeed, this composite was verified to show almost the same crack spacing as saturated crack space computed analytically .
Finally, the measure of PSH intensity, ε cu , was correlated with J' b /J tip in Fig. 9 . In this figure, the range of J' b /J tip is divided Area I , II, and III, including the aforementioned two categories of PSH composites.
In Area I with upper bound of J' b /J tip = 1, PSH condition in Eqn. (6) is violated so that PSH behavior is impossible. This represents the condition and behavior of conventional Fiber Reinforced Concrete. Area II and III correspond to unsaturated and saturated PSH behavior respectively. J' b /J tip = 3 was suggested for the boundary for these two PSH behaviors using uniaxial tensile test data of PE composites with different volume fractions (Kanda and Li 1998c) . The discussion in the previous paragraph suggests that the PVA fiber composites fall into Area II with less ε cu but the PE composite is in Area III with higher ε cu . The test results in Fig. 9 confirms this expectation. This figure shows that the 14µm-PVA fiber composite is located at the boundary between Area I and II with low ε cu . Furthermore, the 40µm-PVA fiber composite is in the middle of Area II, and corresponding ε cu is higher than that of 14µm-PVA fiber case. The third composite, the PE fiber system, is placed in Area III with much higher ε cu than the other two, where saturated PSH behavior in theory is expected and consistent with the test results. These observations appear to support the use of the current model for PSH design of composites involving fiber rupture and chemical bond dominant fiber/matrix interface.
The comparison of the three σ c -δ curves in Fig. 6 is very insightful from the view point of PSH composite design. To maintain high J' b it is necessary to extend both σ peak and δ peak , which is achieved, e.g., by using the PE fiber in composite. The PE fiber composite has moderate σ peak and very large δ peak among the three composites. On the other hand, the 14µm-PVA fiber composite ensures high σ peak but possesses low δ peak , thus failing in maintaining high J' b . This discrepancy in performance is attributed to the specific combination of micromechanics parameters in these composites. To effectively design PSH composites it is necessary to clarify the effects of these parameters on composite performance. This clarification is achieved via parametric study in the next section.
PARAMETRIC STUDY Scheme of Parametric Study
A parametric study is conducted to reveal the effects of micromechanical parameters on composite performance, thus yielding useful information for composite optimization. Composite performance may be represented by peak bridging stress σ peak and complementary energy J ' b . This is because σ peak dominates load bearing capacity of composites. Furthermore, J ' b controls deformation capacity (ductility) of composites having identical matrix mix proportion (identical matrix crack tip toughness J tip ). Load bearing capacity and ductility are critical performances for structural materials. These two properties are governed by the same primary micromechanical parameters, E f /λ, σ ds /λ, σ n fu /λ, f, and f', as for the σ c − δ relation, Eqn.
(1).
This parametric study employs a reference composite system, whose micromechanical primary parameters are: E f /λ = 50, σ ds /λ = 0.125, σ n fu /λ = 2, f = 0.5, and f' = 0.3. These micromechanical parameters were determined as the intermediate properties among those of the three composite systems experimentally investigated in this study, which are summarized in Table 3 . In this table, the first three primary parameters, E f /λ, σ ds /λ, and σ n fu /λ, are broadly distributed, i.e., 16 < E f /λ < 250, 0.45 < σ n fu /λ < 5.1, and 0 < σ ds /λ < 0.42. It should be noted that the upper bound of σ ds /λ was calculated by assuming the PE fiber has chemical bond strength as same as that of the 14µm-PVA fiber (33.6 MPa). This assumption is likely realistic since interface properties can be tailored via various operations, such as deploying coupling agent and plasma treatment. Specifically, it is possible to modify surface chemistry of the PE fiber from hydrophobic to hydrophilic nature with plasma treatment (Li et al. 1996) . Such modification results in high chemical bond strength in the PE fiber.
The parametric study was conducted by varying one of the five primary parameters within realistic range while holding the other parameters fixed at those of the reference system. The first three primary parameters were changed within the range in Table 3 . f and f' were increased up to reported maximum values (Kanda and Li 1998b; Li et al. 1990 ).
Result of Parametric Study
First, the influence of chemical bond is examined in Fig. 10 , which shows the effects of σ ds /λ on σ peak and J ' b . In this figure, σ peak slightly increases (about 10%) but J ' b significantly decreases to less than half as σ ds /λ increases from 0 to 0.3. This descent in J ' b is attributed to greatly reduced δ peak ( ) for the PVA composites is a result of neglecting elastic deformation of matrix foundation in modeling single fiber pull-out behavior. The details of this assumption should be referred to literature (Kanda and Li 1998a) . Consequently, the results in Fig. 10 reveal that the overall effect of chemical bond on composite performance is rather negative.
This finding for the effects of chemical bond is very important. This is because this finding clarifies the importance of limiting the chemical bond strength for high composite performance. Therefore, optimizing composites requires careful tailoring of fiber-matrix interface properties. Indeed, similar effects of chemical bonds have been reported for the performance of aligned short fiber reinforced composites by Leung (1996) .
However, the current study eliminates the restriction in aligned fiber in the preceding study and physically clarified the sources for the negative effects of chemical bond.
The effects of nominal fiber strength σ n fu are illustrated in Fig. 11 , which shows ascending trend both in σ peak and J ' b with increase of σ n fu /λ. In this figure, σ peak increases almost proportionally to σ n fu /λ. Similar to this result, an approximation formula for predicting peak bridging stress σ peak , which has been proposed for composite with fiber rupture in a previous study (Maalej et al. 1995) , assumed that σ peak is proportional to σ n fu . However, the influence on J ' b is much more remarkable; doubling of σ n fu /λ (from 1 to 2) results in almost an order of magnitude higher in J ' b . This result shows that the magnitude of σ n fu remarkably affects the performance of fiber rupture type composites especially in terms of strain capacity.
Therefore, for prediction purpose, σ n fu should be precisely determined according to the actual condition of fibers in composites since apparent fiber strength in composites was reported lower than that obtained by standard fiber strength tests even without inclining angle (Kanda and Li 1998b) . Furthermore, for actual material design, high strength fiber is indispensable to establish high performance composites. Fig. 12 illustrates the negative effects of snubbing coefficient f. Higher f has been reported to remarkably improve composite performances involving no fiber rupture in terms of stress and strain capacities (e.g., Li and Leung 1992) . However, Fig. 12 indicates that higher f can significantly reduce J ' b of a composite. In this figure, the range of 0.5 < f < 1.0 appears realistic for actual fiber composites since f = 1.0, 0.7, 0.5 were respectively reported for a nylon fiber, a polypropylene fiber [Li, 1990 #13] , and a PE fiber [Li, 1995 #40] . J ' b declines by about 70% when f increases from 0.5 to 1.0 while σ peak is stable in this range.
The negative effects of apparent strength reduction factor f' are illustrated in where fiber rupture initiates. More fiber rupture is expected for longer fibers, which means 1/ˆ L c > 1, thus diminishing the complementary fiber bridging energy. In the present study, composites with inclined fibers whose apparent strength is sensitive to inclining angle are considered. Further, the contribution of the chemical bond leads to increasing the amount of fiber rupture. The computed J ' b is therefore expected to peak at a lower rupture intensity. This is found to be the case, as shown in Fig. 14 , with peak occurring at 1/ˆ L c ≈ 0.5 for the composite system with E f /σ n fu = 25, σ ds /σ n fu = 0.0625, f=0.5, and f'=0.3. This optimal rupture intensity is located between critical rupture intensity and rupture starting point, which is obtained by equating L f to L r and represents 1/ˆ L c below which no fiber rupture can occur at any angle φ. Here, L r denotes fiber length rupturing at inclining angle φ = π/2 (see expression in Appendix I). These two limits are indicated in Fig. 14, which also shows that the peak bridging stress rises monotonically with rupture intensity.
It should be noted that the reference composite system used for Fig. 10 -Fig. 13 is identical to the system at 1/ˆ L c ≈ 0.5 in Fig. 14 . Indeed, the reference system in the parametric study has been selected so as to have optimal value of 1/ˆ L c and to have 1/ˆ L c located between the above two limits even with the variation of the fundamental parameters as in Fig. 10 -Fig. 13 while the optimal rupture intensity and corresponding J ' b vary with the magnitudes of these parameters. For example, increasing f from 0.5 to 1.0 yields lower optimal rupture intensity and slightly higher corresponding J ' b . This optimal point for f=1.0 is indicated with " • " in Fig. 7 .
DESIGN IMPLICATION
The parametric study in the previous section reveals the effects of fundamental micromechanical parameters and suggests the potential of the proposed theory as a powerful composite design tool. This possibility is further pursued by analyzing the PVA fiber composites with the current theory. The PVA fiber composites have been clarified not to have enough energy performance for saturated PSH behavior (Fig. 9 ).
The foregoing parametric study indicates that energy performance can be optimized by controlling fiber rupture intensity, which is expressed with 1/ˆ L c . Therefore, estimating rupture intensity for these two composites may facilitate understanding the sources for their insufficient energy performance. This estimation result is depicted in Fig. 15 and Fig. 16 , in which the effects of 1/ˆ L c on J' b /J tip are illustrated. Fig. 15 indicates that the maximum J' b /J tip ( = 4.5) is at 1/ˆ L c = 0.6 whereas the 40µm-PVA fiber composite has J' b /J tip = 2.4 at 1/ˆ L c = 1.8. This shows that this composite has too intense fiber rupture, which deteriorates J' b /J tip to 56 % of the maximum. Hence if optimization is achieved for this composite, its energy performance can be enhanced to even higher than that of the PE fiber composite shown in Fig. 8 , which is located in Area III in Fig. 9 and leads to saturated PSH behavior. Next, Fig. 16 shows that the tested 14µm-PVA fiber composite is far from the optimal state. This composite's 1/ˆ L c reaches near 2.5 while the maximum J' b /J tip = 2.6 is attained at 1/ˆ L c = 0.55. This discrepancy attributes to an actual J' b /J tip less than 50% that of the optimum. The optimized 14µm-PVA fiber system is expected to show better PSH behavior but still inadequate saturated PSH behavior having J' b /J tip < 3.
The above optimization relating PVA fiber's rupture intensity can be achieved by reducing chemical or frictional bond strength of fiber/matrix interface. This may be realized by modifying the chemical characteristics of the fiber surface. For example, plasma treatment described earlier could be appropriate for this purpose (Li et al. 1996) . This treatment has been conducted in atmospheres such as with Argon and enhances bond strength of fiber/matrix interface by adding hydroxyl groups to the fiber surface. For PVA fiber the opposite effects may be achieved using different selection of atmosphere like Fluorocarbon, which is expected to restrict hydroxyl groups on surface. It should be noted that reducing PVA fiber length does not contribute to the optimization. Fiber length reduction causes reduction of the absolute value of J' b while diminishing the fiber rupture intensity.
CONCLUSION
This study is aimed at developing a comprehensive design theory to achieve PSH behavior in composites containing high performance hydrophilic fibers, such as PVA fibers. The new design approach combines the energy approach for PSH condition and a new bridging law which accounts for chemical bond and fiber rupture.
The design condition for PSH behavior was first derived in terms of micromechanical parameters.
This design theory was validated deploying the uniaxial tensile tests of two PVA fiber composites with different PSH intensity. Together with the tensile test results of Polyethylene fiber composite showing saturated PSH behavior, the proposed theory was found to reasonably evaluate tensile strain behavior of PSH composites via toughness ratio J' b /J tip .
The mechanical performance of the hydrophilic fiber composites was examined through parametric studies by using the proposed theory. Focus was placed on the composite peak bridging stress σ peak and complimentary energy J' b , which govern the ultimate strength and strain capacity of composites respectively.
The investigation revealed that: (1) increase of the fiber rupture intensity (measured by 1/ˆ L c ) enhances σ peak , but an optimum rupture intensity exists for maximum J' b of the composites, and (2) the fundamental parameters, σ ds , f, and f', significantly reduce J' b for composites with 1/ˆ L c close to the optimum.
Based on the results of the parametric study, the two PVA fiber composites were further examined to achieve better PSH behavior. As a result, these composites were found to have too intense fiber rupture, which deteriorates J' b /J tip and leads to lower strain capacity. Reducing this rupture intensity was proposed to achieve better strain capacity, which may be achieved by restricting chemical/frictional bond strength.
The proposed design approach can expand the variety of fiber types which can be utilized for PSHRSFRCCs. As a result, PSH-RSFRCCs may increase their practicalities, such as more reasonable cost and easy processing. To satisfactorily achieve this goal, further investigation is needed for rupture type PSHRSFRCCs. Actual design practice for these composites should be accumulated using various types of fibers.
An example of such practices will be reported in a subsequent study. 
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